Background: HIV-1 Nef targets the coreceptor CD4 to the multivesicular body (MVB) pathway for degradation via an unknown mechanism. Results: Nef interacts with Alix in late endosomes, and this is required for efficient lysosomal targeting of CD4. Conclusion: Nef utilizes Alix as an adaptor to target CD4 for lysosomal degradation. Significance: The study clarifies the mechanism by which Nef down-regulates expression of specific host-cell proteins.
Nef is an accessory protein of human immunodeficiency viruses that promotes viral replication and progression to AIDS through interference with various host trafficking and signaling pathways.
A key function of Nef is the down-regulation of the coreceptor CD4 from the surface of the host cells. Nef-induced CD4 down-regulation involves at least two independent steps as follows: acceleration of CD4 endocytosis by a clathrin/AP-2-dependent pathway and targeting of internalized CD4 to multivesicular bodies (MVBs) for eventual degradation in lysosomes. In a previous work, we found that CD4 targeting to the MVB pathway was independent of CD4 ubiquitination. Here, we report that this targeting depends on a direct interaction of Nef with Alix/AIP1, a protein associated with the endosomal sorting complexes required for transport (ESCRT) machinery that assists with cargo recruitment and intraluminal vesicle formation in MVBs. We show that Nef interacts with both the Bro1 and V domains of Alix. Depletion of Alix or overexpression of the Alix V domain impairs lysosomal degradation of CD4 induced by Nef. In contrast, the V domain overexpression does not prevent cell surface removal of CD4 by Nef or protein targeting to the canonical ubiquitination-dependent MVB pathway. We also show that the Nef-Alix interaction occurs in late endosomes that are enriched in internalized CD4. Together, our results indicate that Alix functions as an adaptor for the ESCRT-dependent, ubiquitin-independent targeting of CD4 to the MVB pathway induced by Nef.
The human immunodeficiency virus (HIV) interferes with the host cell protein sorting machinery to promote viral replication and evade defense mechanisms (1, 2) . A key mediator of these actions is Nef, a virally encoded accessory protein that is most abundantly expressed in early stages of the infection cycle. Nef enhances production of infectious virions and promotes disease progression (3) (4) (5) (6) (7) , in part through modulation of the expression of specific proteins on the surface of infected cells (8) . One of the best characterized effects of Nef is the downregulation of CD4, a type I transmembrane glycoprotein expressed on the surface of helper T-lymphocytes and cells of the macrophage/monocyte lineage. CD4 acts as a coreceptor for the recognition of MHC class II molecules exposed on the surface of antigen-presenting cells and transduces positive signals that trigger adaptive immune responses. CD4 also interacts with the envelope glycoprotein of HIV-1, HIV-2, and simian immunodeficiency virus (SIV), 6 serving as a primary receptor for entry of these viruses into the target cells (9) . Down-regulation of CD4 in HIV-1-infected cells is thought to prevent deleterious superinfection (10, 11) and to facilitate release of newly produced viral particles (12) . Nef down-regulates CD4 by accelerating its endocytosis from the cell surface and subsequently targeting it for lysosomal degradation (13) (14) (15) . Only recently has the host molecular machinery used by Nef to interfere with protein trafficking started to be unraveled. Nef concentrates CD4 into nascent clathrin-coated buds at the plasma membrane (16, 17) through the assembly of a tripartite complex with the cytosolic tail of CD4 and the adaptor protein 2 (AP-2) complex (18) . Binding to AP-2 requires a dileucine motif (D/E)XXXL(L/I) and a diacidic motif (D/E)D in the C-terminal flexible loop of Nef (19 -21) . Disruption of either of these motifs compromises the ability of Nef to induce CD4 downregulation (14, 19, 22, 23) .
Unlike typical endocytic recycling receptors, CD4 molecules that are internalized by Nef do not return to the cell surface but are instead delivered to lysosomes for degradation (13, 15, 24) . This pathway is similar to that followed by signaling receptors, transporters, and other transmembrane proteins that undergo ubiquitination-mediated incorporation into nascent intraluminal vesicles (ILVs) of multivesicular bodies (MVBs) for eventual transport to lysosomes (25) . However, in previous work, we found that sorting of CD4 into ILVs induced by Nef was independent of CD4 ubiquitination (26) . Ubiquitination-independent sorting in MVBs has been recently reported for a number of other cargo proteins (27) (28) (29) (30) .
Biogenesis of MVBs involves the action of endosomal sorting complexes required for transport (ESCRT)-0, -I, -II, and -III proteins, which mediate ubiquitinated cargo concentration and ILV formation (31) . Indeed, targeting of CD4 to MVBs by Nef requires TSG101, a component of the ESCRT-I complex (26) , but how Nef promotes incorporation of CD4 into the MVB pathway is presently unknown. Nef physically interacts with Alix (also known as AIP1 or PDCD6IP) (32, 33), a multifunctional protein that binds to ESCRT-I (34, 35) and ESCRT-III (34 -39) proteins, and mediates cargo recruitment (40 -43) and membrane remodeling during endosomal maturation (44, 45) . It has been recently shown that Alix mediates ubiquitinationindependent, ESCRT-dependent MVB sorting through direct interaction with cargo (41, 42) .
To determine whether Alix has a role in Nef-induced targeting of CD4 to the MVB pathway, we further investigated the Alix-Nef interaction. We found that Nef binds to both the Bro1 and V domains of Alix. Depletion of Alix or overexpression of a truncated construct comprising the V domain (VD) impairs lysosomal degradation of CD4 induced by Nef, likely by disturbing interaction with endogenous Alix. Moreover, we found that Nef interacts with Alix in late endosomes that contain internalized CD4. These observations indicate that Nef uses Alix as an adaptor for ubiquitination-independent targeting of transmembrane cargo to the MVB pathway.
EXPERIMENTAL PROCEDURES

Recombinant DNA Constructs, Mammalian Expression Vectors-
The pCMV-CD4 vector encoding human CD4 was provided by Klaus Strebel (NIAID, National Institutes of Health). pCIneoNef, pNef.IRES.GFP and pCMV-Nef.V5, all encoding HIV-1 Nef (NL4-3 variant) and the respective dileucine mutants, were described previously (26, 32) . The cDNA sequence encoding human Alix central (V) domain (VD; residues 360 -716) and the Bro1 domain (residues 1-359) were amplified by PCR from HeLa cell cDNA and subcloned as an EcoRI/SalI insert into pCIneo 3ϫHA-Ubq (26) , where HA is hemagglutinin and Ubq is ubiquitin, to obtain pCIneo3ϫHA Alix VD. Human cDNA encoding full-length HRS was amplified by PCR from HeLa cell cDNA and cloned as an EcoRI/SalI insert into the pCINeo 3ϫHA-Ubq to generate pCIneo3ϫHA-HRS. For bimolecular fluorescence complementation (BiFC) experiments, pcDNA3.1/ Zeo (Invitrogen)-based vectors encoding the N-and C-terminal halves of Venus fluorescent protein (VNt, residues 1-158, and VCt, residues 159 -239, respectively), fused to a leucine zipper sequence (46) , were provided by Jurgen Miller (University of Warwick, Coventry, UK). The leucine zipper sequences in these vectors were replaced by full-length NL4-3 Nef and Alix-coding sequences to obtain pNef-VNt and pVCt-Alix.
Escherichia coli Expression Vectors-To express GST-Alix fusion proteins in E. coli, the human cDNA sequence encoding full-length Alix was amplified by PCR and subcloned as an EcoRI/SalI insert into pGEX5.1 (GE Healthcare). This strategy was also used to produce GST-Alix domain constructs (see Fig.  1A ), encoding the N-terminal Bro1 domain (residues 1-359), the central V domain (VD; residues 360 -716), the C-terminal proline-rich domain (PRD; residues 717-868), and the following Alix C-terminal deletion mutants encoding the following: Bro1 residues 1-167 (Bro1(1-167)); Bro1 plus the first 76 amino acid residues of VD (Bro1VD(1-436)); Bro1 plus the first 245 residues of VD (Bro1VD (1-605) ), and the C-terminal PRD deletion (AlixBro1VD (1-717) ). The pHis 6 -Parallel2-Nef vector, described previously by Chaudhuri et al. (19) , was used to express NL-4.3 Nef as an N-terminal hexahistidine-tagged protein (His 6 -Nef) in E. coli. Also, for E. coli expression as His 6 -tagged proteins, the sequences encoding HIV-1 Nef alleles NA7, DH12-3, and the SIVmac239 Nef allele in pIRES2-eGFP, described previously by Chaudhuri et al. (19) , were subcloned into pET28a vector as a EcoRI/SalI insert. All subcloning products were verified by DNA sequencing.
Cell Lines, Transfections, and RNA Interference (RNAi)-HeLa CCL-2 cells were purchased from the American Type Culture Collection (Manassas, VA). These cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 100 units of penicillin/ml, 0.1 mg of streptomycin/ ml, and 10% (v/v) fetal bovine serum (FBS). A stable HEK-293-Nef-strep-FLAG cell line for tetracycline-inducible expression of Nef-strep-FLAG was produced using the Fli-In TM T-REx TM system from Invitrogen following the manufacturer's instructions. Briefly, HIV-1 Nef (NL4-3 variant) coding sequence was amplified by PCR and inserted into the pCDNA5/FRT/TO vector (Invitrogen), which was then used to transfect Flp-In TM 293 T-REx cells (Invitrogen), a cell line derived from HEK-293 (ATCC; CRL-1573) that contains a single integrated Flp recombination Target (FRT) site, allowing position-specific insertion of a single copy of the expression construct into the genome. Cells were transiently transfected with the plasmids indicated in the figure legends by using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. The small interfering RNA (siRNA) targeting human Alix (5Ј-GCA GUA AUA UGU CUG CUC A-3Ј) (47) was purchased from Dharmacon (Lafayette, CO), and siRNA transfections were carried out using the Oligofectamine reagent from Invitrogen.
Antibodies-Unconjugated or allophycocyanin-conjugated monoclonal antibodies to human CD4, used for uptake experiments, immunofluorescence, and fluorescence-activated cell sorting (FACS) analysis, were from Invitrogen. Rabbit polyclonal antibody to human CD4 and goat polyclonal antibody to human Alix (N-20) used for immunoblotting were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibody to the human EGF receptor was from Abcam (Cambridge, MA). Monoclonal antibody to CD63 was purchased from BD Biosciences, and monoclonal antibody to HRS (A-5) was from Enzo Life Sciences (Farmingdale, NY). Mono-clonal antibodies to His tag and hemagglutinin (HA) tag (16B12) were from Sigma and Covance (Berkeley, CA), respectively. Affinity-purified rabbit antibody to HA was purchased from Thermo Scientific (Rockford, IL). Rabbit antiserum to SNX2 and GFP were generous gifts from C. Haft (NIDDK, National Institutes of Health), and R. Hegde (MRC, Cambridge, UK), respectively. Rabbit antiserum to HIV-1 Nef was obtained from the AIDS Research and Reference Reagent Program, National Institutes of Health, deposited originally by Ronald Swanstrom. Horseradish peroxidase-conjugated donkey antimouse IgG and donkey anti-rabbit IgG were from GE Healthcare. Secondary antibodies conjugated to fluorophores a indicated in the figure legends were from Invitrogen.
FACS Analysis-Cells transfected with pCMV-CD4 and pNef.IRES.GFP or pNefLL/AA.IRES.GFP plasmids were incubated for 24 h, harvested, stained with allophycocyanin-conjugated primary antibody against CD4, and fixed as described previously (19, 26) . Untransfected cells or cells transfected with pIRES-GFP plasmid only were used as a control for nonspecific antibody labeling. In all experiments, GFP fluorescence was used to identify and select transfected cells. The relative levels of CD4 in the surface of cells expressing GFP were inferred from allophycocyanin fluorescence intensity data acquired using a FACSCanto flow cytometer (BD Biosciences). Data analysis and preparation of histograms were performed using FloJo software (Tree Star, Ashland, OR).
SDS-PAGE and Immunoblot Analysis-Cells were lysed for 20 min on ice using lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 5 mM EDTA, 1% (v/v) Triton X-100), supplemented with a protease inhibitor mixture (Sigma). Cell lysates were centrifuged for 20 min at 20,000 ϫ g, and supernatants were recovered. Protein levels in supernatants were measured using the protein assay from Bio-Rad to equalize total protein levels. Samples were mixed with sample buffer (4% SDS, 160 mM Tris-HCl (pH 6.8), 20% (v/v) glycerol, 100 mM DTT, and 0.1% bromphenol blue) and boiled. Proteins were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane, which were then blocked with PBS-T (PBS, Recombinant GST and GST fusion proteins were produced in E. coli and immobilized onto glutathioneSepharose beads, as described under "Experimental Procedures." HEK-293T Nef-strep-FLAG cells were cultivated with 1 g/ml doxycycline to induce expression of Nef-strep-FLAG. Total cell lysates were prepared and incubated with immobilized GST, GST-AlixFL, and truncated Alix-GST proteins as follows: GST-Bro1, GST-VD, or GST-PRD. Binding of Nef to GST fusion proteins was analyzed by immunoblotting with anti-FLAG antibody (top). An aliquot of 10% input of recombinant proteins (Input) was subjected to SDS-PAGE and stained with Coomassie Blue (bottom). C, Nef binds to the N-terminal region of Bro1. Shown is a schematic representation of the C-terminal deletion mutants of Alix used for GST-pulldown analyses (top). Recombinant GST fusion proteins were produced in E. coli and immobilized as in B and incubated with total cell lysate of HEK cells expressing V5 epitope-tagged Nef (Nef-V5). Binding of Nef to GST fusion proteins was analyzed by immunoblotting with anti-V5 (left panel). An aliquot of 10% input of recombinant proteins (Input) was resolved by SDS-PAGE and stained with Coomassie Blue (middle and right panels). The molecular masses are indicated in kilodaltons.
0.5%, Tween 20) and 5% nonfat dry milk for 1 h. Primary antibodies were added in PBS, 1% BSA for 1 h at room temperature or overnight at 4°C. After three washes with PBS-T, the membranes were incubated with HRP-conjugated secondary antibody for 1 h and washed again, and proteins were detected by using enhanced chemiluminescence (ECL) solutions (solution 1: 1 M Tris-HCl (pH 8.5), 250 mM luminol, 90 mM p-coumaric acid; and solution 2: 30%H 2 O 2 , 1 M Tris-HCl (pH 8.5)).
Recombinant Protein Expression and GST Pulldown Assays-E. coli BL21-Star cells were transformed with pHis 6 -Parallel2-Nef (19) or pGEX 5.1 vectors to express GST and GST-Alix fusion proteins (plasmids described above). Expression of recombinant proteins was induced with 1 mM of isopropyl ␤-Dthiogalactopyranoside, and cells were grown for 3 h at 30°C. After incubation, cells were harvested and disrupted by sonication in ice-cold lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 2 mM EDTA, 10 mM DTT), supplemented with 500 g/ml lysozyme and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride. Insoluble material was removed by centrifugation, and proteins in supernatant were further solubilized by addition of 1% Nonidet P-40. For pulldown experiments, GST and GST fusion proteins were immobilized onto glutathioneSepharose 4B beads (GE Healthcare). The beads were extensively washed with ice-cold lysis buffer and subsequently incubated with lysates of isopropyl ␤-D-thiogalactopyranosideinduced E. coli expressing His 6 -Nef proteins. Alternatively, beads were incubated with total lysates of HEK-293-Nef-strep-FLAG cells or lysates of HEK293 cells expressing Nef-V5 for 1 h at 4°C on ice. The beads were centrifuged at 100 ϫ g, washed three times with lysis buffer, supplemented with 1% (v/v) Triton X-100, and subsequently resuspended in SDS-PAGE sample buffer. Beads were boiled, and proteins were resolved by SDS-PAGE.
Epidermal Growth Factor (EGF) Uptake and Degradation Assay-For immunofluorescence experiments, cells grown on coverslips were transfected with plasmids indicated in the figure legends. 24 h after transfection, cells were washed with PBS and starved in serum-reduced Opti-MEM culture media (Invitrogen) for 1 h at 37°C. Cells were then stimulated with Alexa-488-conjugated EGF (Invitrogen) at 2 g/ml in Opti-MEM alone or together with affinity-purified mouse monoclonal antibody to CD4 for 30 min at 4°C. Cells were washed twice with ice-cold PBS to remove free EGF and antibody and chased for 30 and 120 min at 37°C. At each time point, cells were fixed by incubation for 15 min at room temperature with 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) and processed for immunofluorescence analysis. For immunoblot analysis of EGFR degradation, starved cells were mock-incubated or 
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OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40 incubated with 50 ng/ml unlabeled EGF (Invitrogen) for 3 h in Opti-MEM at 37°C. After that, cells were washed twice with PBS, and proteins were solubilized with lysis buffer, separated in 7% SDS-PAGE, and immunoblotted using the indicated antibodies.
Bimolecular Fluorescence Complementation Analysis and Immunofluorescence Microscopy-Cells grown on glass coverslips were transfected with plasmids indicated in the figure legends. After 8 h of incubation, cells were fixed for 15 min at room temperature with 4% (w/v) paraformaldehyde in PBS at room temperature. Paraformaldehyde-fixed cells were permeabilized for 10 min with 0.1% (w/v) Triton X-100 in PBS and incubated for 30 min at 37°C in blocking solution (0.2% (w/v) pork skin gelatin in PBS). Cells were incubated with primary and secondary antibodies in blocking solution. Coverslips were mounted on slides, and cells were imaged using a confocal laser scanning microscope. Images of EGF uptake experiments were acquired with an inverted Leica TCS SP5 laser scanning confocal microscope (Leica Microsystems, Wetzlar, Germany). For imaging of BiFC experiments, a Zeiss laser scanning 780 confocal microscope (Zeiss, Jena, Germany) was used. Post-acquisition image processing was performed with ImageJ 1.36 (48) . Colocalization analyses by immunofluorescence were performed with sets of images of the same cells (Z-stack, with 0.3-m intervals) for each marker. Quantification was performed with ImageJ and the plugin colocalization threshold to determine the Pearson's correlation coefficient and the Manders' coefficients (tM) to each channel. The Mander's coefficients vary from 0 to 1, corresponding to no colocalization and complete colocalization, respectively. Scores are calculated for pixels above an automatically determined threshold for both channels, according to the algorithm by Costes et al. (49) . Pearson's correlation coefficient represents all nonzero-zero pixels that overlay the images of the channels, where 1 is total positive correlation and 0 is no correlation.
Statistical Analysis-Data were plotted and analyzed using GraphPad Prism 5.0 software. Statistical significance was determined by one-way analysis of variance, followed by Bonferroni post-test, and the p values are represented as follows: *, p Ͻ 0.01; **, p Ͻ 0.001; and ***, p Ͻ 0.0001. Differences were considered statistically significant if the p value was Ͻ0.05.
RESULTS
Bro1 and V Domain of Alix Mediate Interaction with Nef-
Alix is composed of three distinct structural elements that individually interact with a number of cellular proteins and with retroviral Gag proteins (Fig. 1A) . In addition, Alix physically interacts with Nef proteins from HIV-1 (32) and SIV (33). To determine the domain(s) of Alix that mediates interaction with Nef, we performed in vitro binding experiments using immobilized recombinant GST-Alix fusion proteins to pull down Nef from cell lysates. We were able to detect a robust interaction between full-length Alix (FL-Alix) and Nef (Fig. 1B) . In addition, pulldown of Nef was observed when either the Bro1 domain or the VD of Alix was used as bait (Fig. 1B) , although Alix VD yielded lower levels of Nef pulldown. There was no pulldown of Nef when Alix PRD or GST alone was used as bait. We performed similar in vitro binding analyses using C-terminal deletion mutants of Alix. Interestingly, truncated Bro1 comprising the first 167 amino acid residues was sufficient for Nef binding (Fig. 1C) , but the entire Bro1-VD was required to pull down Nef at levels comparable with FL-Alix (Fig. 1C, see  GST-Bro1VD(1-717) ). Robust binding of Nef to FL-Alix was detected when FLAG-or V5-tagged Nef was used (Fig. 1, B and 
TABLE 1
Quantitative analysis of colocalization between Nef/Alix BiFC signal and endosomal proteins Quantification of colocalization was performed using the colocalization threshold plugin in the ImageJ software (48) . Two independent parameters were obtained. The Pearson's correlation index represents all nonzero-zero pixels that overlie the images of the channels, where 1 is total positive correlation and 0 is no correlation. Also shown are the single-channel specific Manders' coefficients tM1 (the total intensity of pixels from channel 1 (green) for which the intensity in the channel 2 (red) is above zero, relative to total intensity in channel 1) and tM2 (the total intensity of pixels from channel 2 for which the intensity in channel 1 is above zero, relative to total intensity in channel 2). These coefficients were calculated using an automatically determined threshold value, for both channels, according to the algorithm of Costes et al. C, respectively). These results confirm that Alix interacts with Nef and indicate that both the Bro1 domain and the V domain mediate binding. As interactions detected using mammalian cell lysates may not be direct, we performed similar in vitro binding experiments using purified recombinant GST-Alix and His 6 -Nef proteins produced in E. coli. The results confirmed that Nef binds to Alix directly and that both the Bro1 and the V domains contribute to the interaction ( Fig. 2A ). Next, we tested the ability of different Nef alleles to bind Alix. We observed that HIV-1 Nef variants NA7 and DH12-3 and the SIV Nef variant SIVmac239, all of which were previously shown to down-regulate CD4 (19) , interact with GST-Bro1VD(1-717) (Fig. 2B) . We conclude that the ability to interact with Alix is a conserved feature of Nef proteins.
Nef Interacts with Alix in Late
Endosomes-To confirm the interaction between Nef and Alix within cells and to determine the subcellular localization of this interaction, we used the BiFC technique (50) and confocal microscopy. A similar approach was previously used to demonstrate dimerization of Nef (51) and dimerization of Alix (52) and, more recently, the mechanism controlling Alix association to endosomal membranes (53) . We generated constructs encoding Nef and Alix fused to the N-or C-terminal halves of the Venus fluorescent protein, respectively (Nef-VNt and VCt-Alix), and we used these constructs to transfect HeLa cells. Transfected cells showed a punctate pattern of Venus fluorescence distribution mostly localized in the juxtanuclear region (Fig. 3, see A, D, and G) . In contrast, no Venus fluorescence was detected when these constructs were expressed individually (result not shown). A great proportion (ϳ45%) of Venus-positive structures contained CD63, a marker for MVB/late endosomes (Fig. 3 , A-C, and Table 1 ). As shown in Fig. 3, D-F 
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OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40 the MVB pathway. Sorting nexin 2 (SNX2), a component of the retromer complex that mediates retrograde transport from endosomes to the trans-Golgi network (54), was also rarely found in Venus loci (Fig. 3 , G-I, and Table 1 ). These findings indicated that Nef interacts with Alix in specific endocytic compartments that are enriched in an MVB marker.
Overexpression of Alix V Domain Impairs Degradation of CD4 Induced by Nef-Down-regulation of CD4 by Nef involves two main steps as follows: induction of internalization and targeting to the MVB pathway that leads to degradation of CD4. Because Nef interacts with Alix in late endosomes, we next assessed whether interaction with Alix is required for Nef to direct CD4 to degradation. The V domain of Alix alone binds to Nef, but, differently from the Bro1 domain, it lacks the motifs that mediate interaction with subunits of the ESCRT complexes. Therefore, we hypothesized that truncated Alix-VD would act as a dominant-negative mutant by perturbing interaction of Nef with endogenous, functional Alix. Immunoblot analysis confirmed that expression of Nef decreased the total levels of CD4 in HeLa cells (Fig. 4A) , whereas the Nef LL/AA mutant, with alanine substitutions in the endocytic dileucine motif, failed to decrease total levels of CD4, as observed previously (26) . The decrease in CD4 expression mediated by Nef was largely prevented by coexpression of Alix VD (Fig. 4A) but not by coexpression of the Bro1 domain (Fig. 4B) . Because Alix VD expression may compromise degradation of CD4 by blocking endocytosis, we next examined the effect of Alix VD expression on the cell surface levels of CD4 in cells expressing Nef. Fig.  4C shows that Alix VD expression did not prevent removal of CD4 from the cell surface. Taken together, the experiments using Alix VD expression strongly suggest that interaction of Nef with Alix in late endosomes is important for post-endocytic targeting of CD4 to a degradative pathway.
Interaction with Alix Facilitates Targeting of CD4 to Lysosomes by Nef-We have previously shown that delivery of a GFP-tagged type I transmembrane protein to the lumen of a proteolytic compartment can be monitored by the detection of a soluble GFP degradation fragment in cell extracts, termed the GFP-core (55, 56) . Therefore, to confirm that expression of Alix VD inhibits targeting of CD4 to lysosomes, we transfected a CD4-GFP plasmid in HeLa cells and monitored GFP-core formation by immunoblotting. Using an anti-GFP antibody, CD4-GFP expression was detected as two major bands as follows: an ϳ80-kDa molecular mass precursor and a lower molecular mass (ϳ30 kDa) GFP-core fragment (Fig. 5A) . Expression of Nef promotes GFP-core formation, and this can be reverted by treatment with bafilomycin, an inhibitor of acidification and protein degradation in lysosomes (Fig. 5A) . Moreover, processing of CD4-GFP to the GFP-core fragment enhanced by Nef is impaired upon Alix VD coexpression (Fig. 5B) . Together, the Sensitivity to Alix VD Distinguishes a Nef-mediated MVB Pathway-We have previously shown that Nef-mediated degradation of CD4 requires the ESCRT machinery (26) . Thus, we asked whether Alix VD inhibits CD4 targeting to lysosomes by compromising the general functioning of the ESCRT-dependent MVB pathway. The EGFR has been extensively studied as a prototypical cargo of the MVB pathway. Following activation, ubiquitination, and endocytosis, EGFR-EGF complexes are targeted to intraluminal vesicles of MVBs and degraded in lysosomes. Thus, we examined the fate of internalized EGF over time. Control and Alix-VD-expressing cells were incubated with Alexa 488-EGF for 30 min at 4°C before chasing for 30 or 120 min at 37°C. In both control cells (Fig. 6, A and B) and Alix-VD-expressing cells (Fig. 6, C and D) , disappearance of internalized EGF was essentially complete after 2 h. In contrast, overexpression of HRS, previously shown to have a dominantnegative effect on the ESCRT machinery (57), clearly compromised degradation of internalized EGF (Fig. 6, E and F) . Next, we compared the subcellular distribution of CD4 that is internalized by Nef and EGFR-EGF complexes en route to lysosomes. To this end, cells expressing CD4 and Nef together with either HA-Alix VD or HA-HRS were incubated with both Alexa 488-EGF and mouse monoclonal antibody to CD4 for 30 min at 4°C. In cells coexpressing Alix-VD, after 30 min of chase, internalized CD4 and EGF sorted to the same cytoplasmic vesicles (Fig. 7, A-D) . After 2 h of chase, Alexa 488-EGF was barely detected, whereas internalized CD4 could still be seen in endosomes in the juxtanuclear region (Fig. 7, E-H) . In HRS-overexpressing cells, internalized CD4 and EGF largely colocalized with each other after 30 min of chase (Fig. 7, I-L) and remained colocalized in endosomes decorated with HA-HRS after 2 h of incubation (Fig. 7, M-P) . Some of these endosomes appeared enlarged, a phenotype characteristic of ESCRT machinery perturbation (58) . Taken together, these results indicate that expression of Alix VD does not negatively perturb canonical ESCRT-dependent delivery of cargo to intraluminal vesicles of MVBs. Therefore, sensitivity to Alix VD expression, together with cargo ubiquitination independence (26), distinguishes Nef-mediated targeting of CD4 to degradation from the canonical MVB pathway.
Requirement of Alix for Nef-induced Degradation of CD4 -Our results indicate a functional interaction between Nef and
Alix to promote down-regulation of CD4. To directly test the requirement of Alix for Nef-induced targeting of CD4 to lysosomes, we depleted Alix expression in HeLa cells and assessed processing of CD4-GFP. An approximate 90% reduction in Alix expression was achieved. Although an overall reduction in transfection efficiency was noticed in Alix-depleted cells, GFPcore generation promoted by Nef was clearly impaired by Alix depletion (Fig. 8A) . It was previously shown that Alix is not essential for ubiquitin-dependent targeting of the EGFR to the MVB pathway leading to lysosomal degradation (59, 60) . To confirm the specific effect of Alix depletion in the Nef-mediated sorting of cargo to the MVB pathway, we assayed for EGFinduced degradation of EGFR. Control HeLa cells and cells depleted of Alix by RNAi were incubated with EGF for 3 h and lysed, and the levels of EGFR were verified by immunoblotting. We confirmed that Alix depletion does not impair EGFR downregulation under our experimental conditions (Fig. 8B) , leading us to conclude that Alix plays a more direct role in Nef-mediated sorting of cargo to the MVB pathway.
Nef and Alix Associate in Endosomes Containing CD4 -Nef has been previously shown to localize to clathrin-coated pits at the plasma membrane (16, 17) , through which CD4 becomes rapidly internalized. Our findings indicate that Nef also acts on endosomes to target CD4 to the MVB pathway. Indeed, fluorescence microscopy of transfected HeLa cells showed that Nef-GFP localized not only to the plasma membrane but also to a population of cytoplasmic vesicles that contained down-regulated CD4 (26) . To investigate whether Nef associates with Alix during endosomal targeting of CD4, we used BiFC analyses in HeLa cells. Immunofluorescence microscopy showed that Nef expression causes a dramatic redistribution of CD4 from the plasma membrane (Fig. 9A) to cytoplasmic vesicles (Fig.  9B) . A similar redistribution of CD4 is seen when Nef-VNt and F) . The cells were incubated in Opti-MEM media for 1 h followed by incubation with the same media supplemented with Alexa 488-EGF (2 g/ml) for 30 min at 4°C. Cells were then incubated at 37°C for the times indicated above the panels. After incubation, cells were fixed, permeabilized, and stained with mouse monoclonal antibody to HA, followed by Alexa 594-conjugated donkey antibody to mouse IgG (red channel). Nuclei were labeled with DAPI (blue channel). Cells were imaged by confocal laser scanning microscopy. Bars, 10 m.
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VCt-Alix are coexpressed (Fig. 9, C-E) . Strikingly, the majority (ϳ53% , Table 1 ) of the CD4-containing vesicles displayed NefVNt/VCt-Alix fluorescence. We propose that CD4 molecules internalized by Nef are directed to the MVB pathway via the association of Nef with the ESCRT machinery through interaction with Alix.
DISCUSSION
The results of our study provide strong evidence that Nef uses Alix as an adaptor to direct internalized CD4 into the MVB pathway leading to lysosomal degradation. We show that Nef interacts with Alix through both the Bro1 and V domains. Nef and Alix interact in endosomal structures that contain MVB proteins and are enriched with internalized CD4. Overexpression of Alix VD impairs lysosomal degradation of CD4 induced by Nef. This effect is not due to a general disturbance of the MVB pathway but most likely because overexpressed Alix VD competes with endogenous Alix for binding to Nef. We also show that delivery of CD4 to lysosomes is reduced by depletion of Alix. Thus, interaction with Alix appears to be an important step in the pathway mediated by Nef to reduce the levels of CD4 in the endosomal system.
Alix Links Nef to the ESCRT Machinery-Alix has several interacting partners in endosomes (Fig. 1A) and is thought to play multiple roles during MVB biogenesis (61) . Here, we show that Nef interacts with both the Bro1 and the V domains of Alix ( Figs. 1 and 2 ). Alix directly binds to ESCRT proteins TSG101 (ESCRT-I) (34, 35) and CHMP4 (ESCRT-III) (34 -37) that are respectively involved in cargo sorting and ILV formation/scission in MVBs. Interaction with TSG101 is mediated by the Alix PRD, whereas the Bro1 domain mediates interaction with CHMP4 and the recruitment of Alix to late endosomes (38, 53 ). An exposed hydrophobic patch on Bro1, in which residues Leu-216 and Phe-199 are crucially involved, provides an interaction site for CHMP4 (38, 39, 62, 63) . Our finding that Bro1(1-167) is sufficient for Nef binding (Fig. 1) suggests that Nef and CHMP4 bind to Alix via distinct regions of the Bro1 domain; thus, interaction of Alix with Nef and CHMP4 might not be mutually exclusive events. Studies on retroviral budding revealed that Alix functions as an adaptor in the ESCRT system. Alix mediates HIV-1 budding at the plasma membrane, a process that requires ESCRT III and is topologically equivalent to ILV formation (39, 62) . This is achieved through a direct interaction between Alix VD and Gag p6 late assembly domains (YPXnL, where n ϭ 1-3). Consistently, HIV-1 budding is strongly impaired by overexpression of an Alix VD (residues 364 -716) fragment (64) . As demonstrated here, overexpression of Alix VD partially inhibits CD4 targeting to lysosomes (Figs. 4 and 5) , without preventing the reduction of surface CD4 induced by FIGURE 7 . Internalized CD4 and EGF are sorted to the same endosomal population in cells expressing Nef. A-P, HeLa cells were grown on coverslips and transfected with pCMV-CD4, pCIneo-Nef WT, and pCIneo 3ϫHA-Alix VD (A-H) or pHA-HRS (I-P). After 20 h, cells were washed and incubated in Opti-MEM for 1 h followed by incubation with Alexa 488-EGF (2 g/ml) and mouse monoclonal antibody to CD4 in Opti-MEM media for 30 min at 4°C. Cells were washed with ice-cold PBS and incubated at 37°C for the times indicated on the left of the panels. After incubation, cells were fixed, permeabilized, and stained with rabbit antibody to HA, followed by Alexa 594-conjugated donkey antibody to mouse IgG (red channel) and Alexa 647-conjugated donkey antibody to rabbit IgG (blue channel). Cells were imaged by confocal laser scanning microscopy. Bars, 10 m. The insets represent the boxed areas at a magnification of ϫ2.5. 
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Nef (Fig. 4) . Importantly, Alix VD overexpression does not seem to affect the activity of the ESCRT machinery or general targeting of ubiquitinated cargo to the MVB pathway (Figs. 6 and 7). We believe that this dominant-negative construct may specifically hinder association of Nef with endogenous Alix molecules, preventing Nef from hijacking the ESCRT machinery to target CD4 to lysosomes. The inhibitory effect of Alix depletion further supports that it may function as an adaptor for Nef-dependent targeting of CD4 to the MVB pathway (Fig.  8) . Nef plays a positive role in MVB biogenesis (32, 65) , an activity that is related to Nef's ability to interact with Alix (32) . It remains to be determined whether the roles of the Nef-Alix interaction in CD4 down-regulation and in MVB proliferation are linked. It would be of interest to test whether overexpression of truncated Alix VD can inhibit MVB proliferation induced by Nef.
Targeting of CD4 to Lysosomes by Nef-Consistent with our data, it has been proposed that Nef modifies intracellular trafficking of transmembrane proteins, such as CD4, by linking their cytosolic tail to components of the protein sorting machinery (66) . Down-regulation of CD4 starts at the plasma membrane, where Nef accelerates CD4 endocytosis mediated by clathrin-coated vesicles (16, 17) . Nef binds to the clathrinassociated AP-2 complex through interaction with the ␣-2 hemicomplex (18 -20) . This process requires a dileucine motif and a diacidic motif within the conserved 27-amino acid C-terminal loop of Nef (14, 19, 22, 23) . Nef also interacts with the cytosolic tail of CD4 directly, albeit with low affinity (67). Chaudhuri et al. (18) demonstrated that binding to the ␣-2 hemicomplex increases the avidity of Nef for the cytosolic tail of CD4. Although the CD4 tail is also thought to interact with AP-2 directly (68), binding of Nef to AP-2 may cooperatively enhance these interactions and promote CD4 incorporation into nascent clathrin-coated vesicles destined for early endosomes. CD4 molecules that have been internalized by Nef do not efficiently enter a retrieval pathway from early endosomes back to the plasma membrane and are delivered to lysosomes instead. We and others have shown that Nef targets CD4 to intraluminal vesicles of MVBs en route to lysosomes (26, 69) .
As for most MVB cargoes, targeting of CD4 to the MVB/ lysosomal pathway by Nef depends on the ESCRT machinery (26) . However, MVB targeting of CD4 by Nef appears to circumvent the requirement for ubiquitination, as ubiquitinationdeficient CD4 is also targeted to MVBs and efficiently degraded (26) . Therefore, how Nef can ultimately target CD4 to the MVB pathway remains unknown. Here, we provide evidence that Nef also acts on endosomes by directly interacting with Alix in these organelles. We use the BiFC technique to show that Nef associates with Alix in endosomal structures, most of which contain the MVB marker CD63 and internalized CD4 (Figs. 3 and 9) . We propose that in endosomes, Alix functions as an adaptor that connects Nef-bound CD4 molecules to the ESCRT machinery leading to sorting of CD4 into nascent ILVs. Indeed, Alix is known to play a direct role in ubiquitin-independent sorting of G protein-coupled receptor PAR1 into MVBs (41, 42) . This is possible because the V domain of Alix binds to a YPXnL motif in the cytosolic tail of PAR1 and links this receptor to the ESCRT-III protein CHMP4b (41) . Alix may link Nef-CD4 complexes to ESCRT-III directly or via ESCRT-I, which then engages ESCRT-III. Blockage of CD4 targeting to the MVB pathway by perturbing the ESCRT machinery activity (26) or by Alix VD overexpression (Figs. 4 and 5) leads to a partial recovery of total CD4, without restoring CD4 levels at the cell surface (Fig. 4C) (26) . This suggests that in addition to targeting CD4 to the MVB pathway, Nef also prevents CD4 recycling to the plasma membrane by retaining it in endosomes. In fact, Nef has been shown to reduce the recycling rate of internalized CD4 (70) .
Ubiquitin-dependent sorting of ILV cargo requires retention of cargo in specific clathrin-coated subdomains of early endosomes before recruitment of ESCRT III for vesicle formation. This is mediated by HRS, a component of ESCRT-0 that binds ubiquitin and prevents retrieval of MVB cargo to the plasma membrane (71) . How would Nef-CD4 complexes be retained in early endosomes prior to Alix/ESCRTIII engagement? It has been proposed that AP-3 plays a cargo concentration role in early endosomes and is required for Alix-mediated sorting of PAR-1 (42) . Interestingly, Nef also binds AP-3 (19, 20, 72, 73) and stabilizes association of AP-3 to endosomal membranes, where it colocalizes with Nef (73, 74) . However, a role for AP-3 in CD4 down-regulation is unknown and requires further study. Alternatively, Nef-CD4 concentration in maturing early endosomes could be mediated by ␤-COP, a component of the COPI coat that interacts with Nef and has been implicated in targeting of CD4 to lysosomes (69, 75, 76) . However, ␤-COP is not known to bind ESCRT proteins, and a role for COPI in CD4 down-regulation by Nef has been debated (77) . Our data provide molecular insight into the mechanism by which Nef targets CD4 to MVBs and the lumen of lysosomes for degradation. Nef also targets MHC-I to MVBs (69, 78) and down-regulates a number of cell surface transmembrane proteins, such as CD8, CD28, CXCR4, CCR5, and CD80/CD86 (79, 80 and references therein) through mechanisms that are mostly unknown. It would be of interest to test whether Nef targets these proteins to the MVBs and whether this mechanism is ESCRT-dependent and requires Alix function.
